INTRODUCTION
Tidal flats form important morphological structures in meso-and macro-tidal estuaries and coastal systems. During each tidal cycle they are exposed to air and can occupy over half the total area of an estuary. Sand and mudflats provide a range of valuable habitats which are highly productive areas for benthic organisms (Heip et al. 1995) , thus providing important feeding grounds for fishes during high water and for birds during low water.
ABSTRACT: This article synthesises a series of studies concerned with physical, chemical and biological processes involved in sediment dynamics (sedimentation, erosion and mixing) of the Molenplaat tidal flat in the Westerschelde (SW Netherlands). Total sediment accretion rate on the flat (sand to muddy sand) was estimated to be ~2 cm yr -1 , based on 210 Pb and 137 Cs profiles. 7 Be showed maximum activity in the surface sediments during summer, reflecting accretion of fine silt at this time of year, and total vertical mixing of sediment to be in the order of 50 cm 2 yr -1 . The extent to which different physical and biological processes (tidal currents, air exposure, bio-stabilisation, biodeposition and bioturbation) contributed towards sediment dynamics was estimated. A sediment transport model based on physical factors estimated sedimentation rates of 1.2 cm yr -1 , but did not account for tidal or seasonal variation in suspended particulate matter (SPM), wind or effects of spring-neap tidal cycles. When the model was run with an increased critical bed shear stress due to the microphytobenthos, net sedimentation rates increased 2-fold. These higher rates were in closer agreement with the rates derived from the depth profiles of radionuclides for the central region of the tidal flat (2.0 to 2.4 cm yr -1 ). Therefore a significant part of the sedimentation rate (~50%) may be explained by spatial-temporal changes in biological processes, including 'bio-stabilisation' by microphytobenthos, together with the enhanced biodeposition of silt by suspension feeders, and offset by processes of 'bio-destabilisation' by grazers and bioturbators. In the centre of the tidal flat there was a shift from high sediment stability in spring-summer 1996 to low sediment stability in autumn 1997, quantified by a significant reduction in critical erosion velocity of 0.12 to 0.15 m s -1 , and accompanied by a 30-to 50-fold increase in sediment erosion rate. The change was associated with a shift from a tidal flat dominated by benthic diatoms and a low biomass of bioturbating clams (Macoma balthica) , to a more erodable sediment with a lower microphytobenthos density and a higher biomass of M. balthica. Vertical mixing of sediment and organic matter, studied using a variety of tracers, was rapid and enhanced by advective water flow at sandy sites and by burrowing polychaetes and bivalves at silty sites.
The sediment dynamics and biogeochemistry of tidal flats is dependent on the complex interactions between physical, chemical and biological processes/properties, which include tidal currents, river flows, storm waves, air exposure, dehydration in summer, ice-scour in winter, sediment properties (grain size and composition, organic content, nutrient content, redox balance), stabilisation by biota (algal biofilms, mussel beds, salt marsh) and destabilisation by biota (bioturbating bivalves, scouring around clumps of animals and plants). To date, there have been very few multi-disciplinary studies providing an integrated view of the sediment dynamics of intertidal mudflats and sandflats. These include the Canadian LISP (littoral investigation of sediment properties; Daborn 1991), the UK LISP (Black et al. 1998 , Black 1999 , the EU INTRMUD (Dyer 2000) and the EU ECOFLAT (Herman et al. 2001) programmes. An important objective of the ECOFLAT project (eco-metabolism of an estuarine tidal flat) was to apply a multidisciplinary approach to investigate the many complex physical, chemical and biological interactions and to quantify, understand and model the dynamic behaviour of tidal flats as geomorphological and metabolic systems (overview by Herman et al. 2001) .
During the EU ECOFLAT project various approaches were used to investigate the material fluxes and sediment dynamics of the Molenplaat tidal flat in the Westerschelde over different temporal and spatial scales. These included • long-term sediment accretion (Schmidt et al. 1999 ); • short-term (seasonal) variations in sedimentation rates (Schmidt et al. 1999 );
• seasonal variations in sediment properties and benthic community structure ); • modelling of sediment dynamics (fine silt) as a function of tidal currents (Baptist et al. 1999 ); • the impact of currents, macrobenthos and microphytobenthos on sediment erosion and deposition processes (Widdows et al. 2000a , Lucas et al. 2003 ); • tidal variations in resuspension of microphytobenthos (Lucas et al. , 2001 ); • vertical mixing of sediment estimated by tracer experiments .
In this paper we present new data on sediment accretion and mixing, sediment characteristics (grain size, algal pigments, carbohydrates), sediment erodability, hydrodynamics, sediment community respiration, organic carbon and nutrient burial, and simulations with a sediment transport model. These new findings are combined with the results mentioned above to present a synthesis and more integrated view of erosion, sedimentation, and mixing processes occurring on a tidal flat, and the nature of interactions between physical-biological processes in sediment dynamics.
MATERIALS AND METHODS
Site description. The Molenplaat tidal flat (Fig. 1) is located in the middle part of the Westerschelde (SW Netherlands). This is a macrotidal estuary with a tidal range of ca. 5 m, and at the Molenplaat site, salinity varies between 20 and 25. We studied 5 sites ( Fig. 1 ) during 4 ECOFLAT field campaigns in the spring (May/June) and late summer (August/September) of 1996 and 1997. The main physical and biogeochemical characteristics of the Molenplaat sites are summarised in Table 1 .
Measurement of long-term and short-term sediment accumulation rates. Deep cores (40 to 120 cm) were collected at low tide using a hand-driven tube (1.2 m length and 0.1 m diameter) in June and September 1996 and 1997 at the 5 selected sites on the Molenplaat. Cores for radionuclide activity determinations were sliced at a resolution of 1 to 2 cm after upward extrusion of the cores, and were dried at 60°C. Activities of the radionuclides 137 Cs, 210 Pb and 226 Ra were measured directly by low-backgroundhigh efficiency γ spectrometry (for details of sampling, processing and radioisotope analysis see Schmidt et al. 1999) .
The central site, Site 2, had the highest levels of radionuclides and was therefore used for the seasonal study of sedimentation of fine silt. We collected 5 cores, 1 on each sampling occasion during June 1996 , September 1996 , March 1997 , June 1997 1997. Activity of 7 Be in the top 6 cm of the sediment was used to determine short-term seasonal changes in sedimentation (for details of the methodology see Schmidt et al. 1999) .
The number of samples was restricted by the timeconsuming coring process during low tide and the limited time available for counting samples for 7 Be activity, characterised by a short half-life and low levels. While the lack of sample replication limits the interpretation of spatial and temporal variation, the good agreement in vertical profiles for 1996 and 1997 enables sedimentation rates to be estimated with confidence.
Measurement of carbon dynamics. Single cores (0.1 m diameter) were taken during the June 1997 campaign at the 5 Molenplaat sites to a depth of 0.5 m and sliced in 2 cm slices. For each slice, water content was calculated from weight loss, and porosity was calculated from water content, assuming a dry sediment density of 2650 kg m -3
. Total nitrogen and organic carbon were determined with a Carlo Erba NA 1500 elemental analyzer, after in situ hydrochloric acid (25%) acidification to remove the inorganic carbon (Nieuwenhuize et al. 1994) . Carbon and nitrogen content and porosity were averaged over the 5 slices between 0.4 and 0.5 m depth, and multiplied by sediment accumulation rate, dry density and solid volume fraction to determine burial rates.
Organic matter mineralisation rates are based on the efflux of carbon dioxide. During the September 1997 campaign at the 5 Molenplaat sites, carbon dioxide fluxes were measured using non-transparent polypropylene flux chambers and a photo-acoustic infra-red analyser for measurement of the accumulation of carbon dioxide (Middelburg et al. 1996) . Carbonate dissolution may potentially affect mineralisation rates based on total inorganic fluxes. However, we used low-tide carbon dioxide gas fluxes and not total inorganic carbon fluxes during submerged conditions. Middelburg et al. (1996) have shown that gaseous carbon dioxide fluxes agree within error with sulphate reduction rates based on 35 S incubations. This allows little error to be attributed to carbonate dissolution.
Measurment of fate of microphytobenthos using stable isotopes as physical and trophic tracers. The relative importance of microphytobenthos as food for intertidal macrobenthic animals and the fate of labelled organic matter in the sediment was studied at 2 locations on the Molenplaat tidal flat (Sites 2 and 4) using the stable isotope 13 C as a tracer (for details see Middelburg et al. 2000) . We used 2 different approaches: (1) the natural abundance of stable isotope ratios of carbon and nitrogen in the biota at Sites 2 and 4; and (2) an in situ addition of 13 C-bicarbonate to the surficial sediments at Sites 2 and 4 and its subsequent incorporation into the benthic food web . Measurement of sediment properties and erodability. Spatial and temporal changes in the main physical, chemical and biological properties of the sediment on the Molenplaat were measured according to standardised procedures. Sediment grain size was analysed by wet-sieving (Widdows et al. 2000a) . Cores (2.54 cm diameter; n = 4 or 6) for algal pigment determinations were collected randomly over 1 m 2 and were sliced for the superficial 0 to 2 mm layer and at 2 to 4, 4 to 6, 6 to 10, 10 to 15 and 15 to 20 mm depth intervals. Plant pigments were extracted with 90% acetone and the pigments were separated and quantified using ion-pairing reverse-phase high-performance liquid chromatography (HLPC) (Barlow et al. 1993 , Lucas & Holligan 1999 . Colloidal carbohydrates were quantified by the phenol-sulphuric method (Underwood et al. 1995) .
The Plymouth Marine Laboratory annular flumes were used to quantify benthic-pelagic exchanges in relation to important physical and biological factors ). The enhancement of sedimentation by suspension-feeders was measured in terms of biodeposition rates (faeces and pseudofaeces production; g m -2 h -1 ) (for further details of flume-based flux measurements see Widdows et al. 1998a Widdows et al. , 2000a . Flume-based measurements made on the Molenplaat in June and September 1997 represent new data to complement the 1996 data previously published by Widdows et al. (2000a) .
The relationships between physical, chemical and biological sediment properties were analysed using the Pearson product-moment correlation coefficient (Minitab 13).
Modelling of hydrodynamics and sediment dynamics.
A 2D hydrodynamic model of the water levels and currents over the Molenplaat tidal flat was developed with a spatial resolution of 10s of metres. Maximum bottom shear stresses ranged from 0.3 Pa for the central region to 3 Pa for the western edge of the Molenplaat. The resulting water levels and current patterns were then used to drive the sediment transport model of erosion/sedimentation on the tidal flat (for details see Baptist et al. 1999) .
Sediment transport modelling. A sediment model coupled to a 2D hydrodynamics model has been developed for the Molenplaat tidal flat (Baptist et al. 1999) . The initial parameterisation of the sediment transport model relies only on physical factors (i.e. no biotic influences) to simulate the transport of suspended particulate matter and the sedimentation and erosion patterns. The model uses 1 sediment fraction (silt) and is based on a hydrodynamic model of the Molenplaat for June 1995. Sedimentation processes are modelled with formulations according to Krone (1962) and resuspension processes according to Parthenaides (1962) . The variables in the model are the concentration of fine silt in the water (g m -3
) and fine silt in the sediment (g m -2
). The sediment model was calibrated using 2 data sets that were obtained by monitoring on the Molenplaat in June 1995 and 1996. Temporal sediment dynamics was calibrated to time series of suspended sediment during several tides at 2 monitoring locations. Spatial sedimentation and erosion patterns were calibrated to the distribution of fine silt (% of total sediment) on the Molenplaat.
Using this calibrated model, the net sedimentation flux was estimated for the central part of the Molenplaat. An initial silt distribution on the bottom was estimated by a preceding 20 d simulation, starting with a uniform layer of 1 cm silt in the whole model area.
For comparison, the same model was run with a spatially varying, critical bed shear stress, depending on microphytobenthos density. The measurements of chlorophyll a in the sediment have been converted into an interpolated field of critical bed shear stress using the relation found in flume studies (Widdows et al. 1998 (Widdows et al. , 2000a :
where U crit = cm s -1 and chl = chlorophyll a in sediment (µg g -1 dry wt). This formula can be transformed into:
As a consequence the sediment stability increases in areas with high microphytobenthos density and decreases in areas without microphytobenthos biofilms.
RESULTS AND DISCUSSION

Long-term sediment accumulation rates
Direct measurement of sedimentation rates on tidal flats is extremely difficult. However, an indirect method involves the use of natural and artificial radionuclides with known decay rates. 210 Pb is a naturally occurring radionuclide of the 238 U decay series. The 210 Pb method (with a half-life of t 1/2 = 22.3 yr) is based on the measurement of the excess, or unsupported 210 Pb activity, which is incorporated into accumulating sediment from atmospheric fallout. In contrast, the main source of 137 Cs (t 1/2 = 30 yr) is fallout from the atmospheric testing of nuclear weapons. This technique allows the peak in 137 Cs activity within a core to be dated, as it records the 1963 fallout maximum. Sediment cores may also record the Chernobyl accident, which occurred on 26 April 1986 (Callaway et al. 1996) .
The general feature of the Molenplaat is the low activity of the selected radionuclides in the sediments, particularly in comparison to previous tidal flat studies (Cundy & Croudace 1995) , due to the lower silt content (sediment grain size < 63 µm; Table 1 ). For all the sites, 210 Pb xs (excess) showed weak activities at the surface, especially at Sites 4 and 5. Consequently, the decrease in 210 Pb xs with increasing depth was not well-defined and sedimentation rates derived from Cs allows the deep peak to be attributed to the introduction of Cs by the weapon-testing programmes in the early sixties. This is confirmed by the rapid disappearance of Cs in the deepest part of cores. Profiles of 137 Cs were relatively constant on the Molenplaat, with the presence of a peak in activity at a depth of between 40 to 85 cm, depending upon the site (Fig. 2) . There was a consistency in the data for June 1996 and September 1997 (Sites 1 to 4), but the profile does not show a distinct peak for the very mobile sandy site, Site 5.
Sedimentation rates (cm yr -1 ) are presented in Cs data. Sedimentation rates varied from 1.1 cm yr -1 at the sandy exposed site on the edge of the Molenplaat tidal flat to 2.4 cm yr -1 at the central site. These spatial differences in sedimentation rate are consistent with the variation in hydrodynamics, sediment properties and biological activity (see following subsections). In general, these values are in good agreement with an independent estimate of sedimentation rate on the flat, based on volume differences, corrected for subsidence due to compaction, tectonics and isostasy (P. Friend unpubl. data). This approach provided an average depositional rate for the whole Molenplaat tidal flat of 1.3 ± 0.1 cm yr -1 over the last 65 yr. The organic carbon and nitrogen content of the 40 to 50 cm layer of sediment cores at the 5 sites on the Molenplaat are given in Table 2 Table 2) . The sandy sites, Sites 4 and 5, showed more variability than the more silty central sites (Sites 2 and 3).
Due to the high sediment accumulation rates, the rates of organic carbon and nitrogen burial were significant for the sediment and estuarine budgets of these constituents. The rates of organic carbon burial (10 to 105 g C m -2 yr -1 ) were of similar magnitude to rates of sediment community respiration (24 to 226 g C m -2 yr -1
). Although the comparison of long-term carbon burial rates with short-term mineralisation rates contains uncertainties, it appears that about 30 to 40% of the total annual organic carbon input into the sediment at these stations is permanently buried ( Be is mainly associated with the fine particles rather than the sand fraction. Moreover, Olsen et al. (1986) observed that fine-particle deposition is the most important factor affecting the accumulation pattern and vertical distribution of 7 Be in estuarine systems.
7
Be was always detected in the top 6 cm of cores collected in June 1996 , September 1996 , March 1997 , June 1997 and September 1997 . The smooth decrease in its activities with depth suggests some bioturbational effect in the upper sediment (Fig. 3) Be activities in March may indicate the disappearance of the finest fraction of the sediment (by erosion or drainage) during the winter. In contrast, the increase of 7 Be inventories in summer would indicate an increase in the content of fine particles in the sediment. Such a seasonal cycle in silt content of the sediment was observed on the Molenplaat tidal flat (Fig. 4, , Widdows et al. 2000a ) and probably reflects the biodeposition by suspension-feeders (see later subsection 'Biodeposition').
Marked spatial and temporal differences in grain size distribution and sediment stability were observed on the Molenplaat (Table 1) . Sandier sites at the edge of the tidal flat (Sites 4 and 5) had a low silt content (~1% silt) throughout the year, whereas the highest silt content occurred at the central sites (Sites 2 and 3). At the central sites, silt increased seasonally from 4% in March to 15.5% in September at Site 3 (Fig. 4) and to ~28% in June and 38% in September at Site 2. Spatial and temporal changes (Table 1) in both physical factors (tidal currents, wind induced waves, bed roughness) and biological factors (suspension-feeding bivalves, enhanced sediment cohesion) are likely to contribute to the seasonal evolution of the silt content at these central sites.
The relationship between bottom shear stress and the abundance of sessile suspension feeders is predicted to be non-linear on sediment shores , Widdows et al. 2000a ). In areas of high bed shear stresses with maximum near-bed current flows of 0.35 to 0.40 m s -1 , sediment erosion and disturbance will limit infaunal suspension feeders such as Cerastoderma edule. ) there is greater sediment stability for the infauna and water exchange is sufficient to minimise near-bed seston depletion by suspensionfeeders, thereby sustaining a high biomass. In areas of ), seston depletion and food limitation will constrain the growth and biomass of suspension-feeders (Fréchette et al. 1989 . During the period from early spring to autumn there is a general increase in the biomass of the suspension-feeder C. edule due to the summer growth period in established populations and the recruitment of newly settled individuals. In addition, there is a seasonal increase in the mass-specific filtration rate of C. edule (Newell & Bayne 1980) . This higher biomass and feeding rate will result in enhanced biodeposition of silt throughout the summer period, at a time of reduced wave activity and lower bed shear stresses. These processes account for the significant relationship between C. edule density and silt content (r = 0.45; p = 0.01) on the Molenplaat. In contrast to silt content, seasonal changes in % ash-free material in the sediment (reflecting particulate organic matter content) was less marked, with Site 2 showing the greatest change but only from 1.6 to 2.2% (Table 1) . However, there was still a significant correlation between C. edule density and the particulate organic matter content of the sediment (r = 0.58; p = 0.001). Within this dynamic relationship there is potential for feedback mechanisms, via biodeposition, which will modify the properties of the sediment (e.g. increase silt and colloidal carbohydrate content) thus enhancing sediment cohesiveness and stability (see subsection 'Biodeposition'). These seasonal changes in macrofauna appear to be an important biological factor contributing towards the increase in silt content, reduction in the chlorophyll a and the shift from stable to less stable sediments.
As with many tidal flats of NW Europe (Underwood & Paterson 1993 , de Jonge & Colijn 1994 , de Brouwer et al. 2000 , the Molenplaat had a visible microalgal mat in the spring, composed primarily of benthic diatoms. Trends in the spatial distribution of microphytobenthos chlorophyll a and colloidal carbohydrates reflected the spatial differences in physical properties of the sediment, with highest values (64 µg chl a g ) at the most mobile and sandiest site (Site 5) ( Table 1) . Although peak values differed, both silty and sandy sediments displayed a clear seasonal cycle in microphytobenthos biomass and colloidal carbohydrate content, with peak values in June followed by a significant reduction by September (Fig. 5 ). There was a highly significant correlation between the chlorophyll a and carbohydrate content of the surface sediments (r = 0.85; p < 0.0001). However, due to the marked seasonal changes in chlorophyll a there was only a significant correlation between % silt and chlorophyll a when the spring and autumn data are considered separately (r = 0.79; p < 0.001 and r = 0.84; p = 0.001, respectively).
Spatial and temporal changes in sediment resuspension and deposition
Flume studies recorded marked and significant spatial and temporal differences in sediment erodability (Table 1 ). There were no significant correlations between sediment erodability and the bulk physical properties of the top 1 cm of sediment (bulk density, % water, % sand, % POM). There was a significant negative relationship between sediment mass eroded and emersion time (r = -0.54; p < 0.005). The central sites, which were exposed for the longest period, were more stable (i.e. had the lowest erosion potential) than sites on the edge of the Molenplaat (Sites 1 and 4). Site 5, however, was an exception, with the longest emersion period (7.5 h) and relatively low sediment stability (i.e. mobile sand with ripples) (Table 1 ). All sites on the tidal flat were significantly more stable in June 1996 (i.e. higher U crit values ranging from 0.30 to 0.37 m s ). The high sediment stability in June 1996 was due to a combination of biotic factors, the biostabilisation of the sediment by benthic algal biofilms (microphytobenthos) and the relatively low biomass of the bioturbating clam Macoma balthica. Benthic algae produce extracellular polymeric substances (EPS, mainly colloidal carbohydrates), which increase the cohesiveness of the sediments, and this is reflected in the significant relationship between U crit (and mass eroded) and the chlorophyll a content of surface sediments (r = 0.54; p = 0.005 for 1996 and 1997 data). Field studies (Sutherland et al. 1998b , Austen et al. 1999 , Paterson et al. 2000 , Widdows et al. 2000a ) have consistently demonstrated a significant correlation between sediment stability and the content of chlorophyll a and EPS in the surface sediments. Furthermore, controlled laboratory flume experiments have confirmed that there is a cause-effect relationship between microphytobenthos chlorophyll a (and EPS) and sediment stability (Sutherland et al. 1998a ). The mechanism of increased sediment stability through diatom biofilms is the production of EPS which form sticky coatings and enhance particle cohesiveness (Decho 2000) .
The flume studies also showed the converse of bio-stabilisation, and highlighted a significant relationship (r = 0.775, p < 0.005) between sediment erodability and the biomass of the surface deposit-feeding clam Macoma balthica (Widdows et al. 2000a) . Over the 2 yr (1996 and 1997), a significant relationship was only apparent for the siltier central sites (Sites 2 and 3; r = 0.59, p < 0.05). These observations are consistent with other field studies in the Humber (Widdows et al. 1998a) . Controlled laboratory studies have confirmed that sediment erodability increases with increasing M. balthica density (Widdows et al. 1998b ). This species represents one of the key bioturbators on the tidal flat, and destabilises the sediment by its surface deposit-feeding. During the period from June 1996 through to September 1997, there was a significant decline in sediment stability at the central Molenplaat sites, which reflected the shift in the overall balance between the 'biostabilisers' (microphytobenthos) and the 'bio-destabilisers' (bivalves such as M. balthica and Cerastoderma edule). Reduced sediment stability in the autumn coincided with the breakdown of the microphytobenthos mat, due in part to the macrofauna grazing and increased bioturbation. In the autumn there were large amounts of phaeopigments relative to chlorophyll a in the sediment, > 85% of which were phaeophorbides, a major by-product of metazoan grazing (Lucas & Holligan 1999) .
Field measurements at the 5 sites on the Molenplaat generally demonstrated a close coupling between current velocities and SPM during spring tides (Site 4; Fig. 6 ), with peaks in currents and SPM ca. 1.25 h before and after slack high water. There was also good agreement between the observed U crit (in the field, Fig. 7 ) and the predicted U crit (derived from flume experiments). This was particularly evident at sites on the edge of the tidal flat (Sites 1, 4 and 5) where the resuspension/deposition processes involved fine sand grains that sank rapidly once the critical threshold for deposition was reached (Fig. 8, . At the central sites, although the SPM peaks were associated with periods of high current velocity, the periods of benthic-pelagic flux were slightly less distinct due to a number of factors: (1) the greater sediment stability; (2) the advection of SPM from the peripheral areas of the tidal flat; and (3) the lower critical deposition threshold and settling velocities for the finer particles. During the autumn and winter, silt content declined due to increased sediment erosion at this time of year. This is likely to be the result of interactions between physical and biological processes (including increased fluvial flows, storms and wave action) combined with reduced bio-stabilisation and increased bio-destabilisation of the sediment. The relative importance of these factors is unknown at present.
Resuspension of microphytobenthos
Microphytobenthos, because of their close association with sediments, are subjected to the same physical forces of tidal currents and wave energy that act to resuspend, transport and deposit sediment particles. Sampling of the water column for SPM, chlorophyll a, and diatom cell counts over a high-water period clearly identified resuspension and deposition events across the sediment -water interface occurring either side of the high-water slack period during a spring tidal cycle (Fig. 8, . These field observations were consistent with the flume measurements of spatial and temporal differences in the erosion potential of sediment and microphytobenthos , Widdows et al. 2000a . Peaks in chlorophyll a, its degradation products (phaeopigments) and SPM occurred in the water column above the bed, and were associated with resuspended benthic diatoms (primarily Navicula spp.) and large numbers of diatom frustules (Lucas et al. 2001 ). In addition, there was a major resuspension of some larger phytoplanktonic species, such as the centric diatom Coscinodiscus spp. (~200 µm), which sink to the bed at low current velocities (Lucas et al. 2001) . At Site 4 (edge), the resuspension of both SPM and chlorophyll a was greater than at Site 2 (central) due to the lower stability of the underlying bed. Furthermore, there was greater vertical mixing (less stratification) with high chlorophyll a values in the surface waters above Site 4 (Fig. 8) . ) over an immersion period at Site 4 on Molenplaat tidal flat (June 1996) . HW: high water. (From Lucas et al. 2000) In numerical terms, benthic diatoms accounted for 15 to 42% of total diatom abundance in the water column over the flood -ebb period, while Coscinodiscus spp. accounted for 12 to 17% in June and 3% in late August. However, due to the larger cell size of the planktonic forms (e.g. Coscinodiscus spp.) compared to the benthic diatoms, the contribution of benthic diatoms to the total diatom carbon in the water column was <1% in June, but up to 25% in late August (Lucas et al. 2001) . The ecological consequences of these large differences in cell size and the resultant small contribution of benthic diatoms to the total diatom carbon in June have been clearly demonstrated in field studies using stable isotopes as trophic tracers . Despite the resuspension of benthic algae at high current velocities, suspension-feeders (such as Cerastoderma edule and Mya arenaria) had δ 13 C signatures close to that of pelagic algae, thus indicating that pelagic algae formed the major food source.
The quantity and quality of microphytobenthic resuspension on the Molenplaat tidal flat varied both spatially and temporally as a result of complex physical, chemical and biological interactions. Resuspension of benthic chlorophyll a was mainly related to the erosion behaviour (threshold and rate) of the sediment, including the stabilising influence of the microbial mat (Paterson & Black 1999 and the amount and vertical distribution of the microphytobenthos available for resuspension (Lucas & Holligan 1999) . Resuspension of the microphytobenthos is also influenced by the physical/biochemical properties of the sediment, as well as the presence and feeding activities of benthic deposit-and suspension-feeders. The temporal variation in microphytobenthic resuspension will occur (1) as a function of changes in current velocity during diurnal tidal cycles and the springneap cycle, (2) over seasonal cycles (due to variation in sediment stability, microphytobenthic growth and intermittent storms, and (3) in response to interannual variation (largely due to climatically driven changes in the biological cycles of benthic diatoms and grazers; Widdows et al. 2000b) . The nature or quality of the resuspended benthic algae varied spatially, ranging from epipsammic diatoms attached to sand grains (Sites 4 and 5) to epipelic diatoms (such as the genera Navicula and Nitzschia) which tend to form dense algal mats on silty sediments (Sites 2 and 3) (Lucas et al. 2001 ).
Flux of pigments into sediment
Pigments in sediment can derive from 3 sources: (1) microphytobenthos produced in situ, (2) sedimentation of phytoplankton, and (3) macroalgal detritus.
HPLC and microscopic evidence demonstrated the presence of benthic and water-column-derived microalgal pigments in the surface layers of both silty and sandy sediments of the Molenplaat tidal flat, but there were pronounced differences in their biomass and vertical distribution (Lucas & Holligan 1999) . Sandier sediments were characterised by homogenous vertical profiles of chlorophyll a in the upper 2 cm of sediment together with very low phaeopigments (degraded pigments) and the absence of water-column-derived pigments below the surface layer. This suggests that the greater sediment mobility and porosity of sandy sediments combined with the turbulence in the overlying water mixes and washes out fine particles, preventing accumulation of both autochthonous or allochthonous sources of microalgae.
In contrast, HPLC analysis of pigments in silty sediments provided evidence of a seasonal peak (in June) of microalgal biomass produced both in situ and in the water column. During the spring algal bloom period, high chlorophyll a levels at the surface decreased very rapidly with depth over the upper 5 to 10 mm. This indicated that the degradation of algal pigments, through processes such as senescence, photodegradation, bacterial degradation and herbivore grazing, was more rapid than the vertical mixing (physical and biological) of cohesive/silty sediments (Sun et al. 1993 , Lucas & Holligan 1999 . Large amounts of phaeopigments were produced in the Molenplaat sediment, with the relative contribution changing from phaeophytins in March/April to phaeophorbides in September as the role of the herbivorous community in chlorophyll a cycling became more significant. Bianchi et al. (1988) reported that phaeophorbides represented 40 to 60% of total phaeopigments in mesocosms with the deposit-feeders Macoma balthica and Leitoscoplos fragilis, but only 3 to 4% in controls without fauna. There was also evidence of inputs of pigments from water-column sources between June and September (Lucas & Holligan 1999) , indicated by the presence of peridinin (dinoflagellates) and 19'hexanoyloxyfucoxanthin (prymnesiophytes). During the late autumnwinter, the chlorophyll a content and pigment diversity decreased, coincident with reduced biological activity and increased physical mixing of the sediments. The ratio of fucoxanthin to chlorophyll a is indicative of the microphytobenthos being dominated by diatoms in both sandy and silty sediments. By September, there was considerable accumulation of this material (high fucoxanthin:chlorophyll a ratios) down to several centimetres depth.
On tidal flats such as the Molenplaat, sandy sediments undergo rapid recycling of primary producers and there is no significant accumulation of pigments or organic material. At the silty sites, however, the bal-ance between import and export changes on a seasonal basis. During the spring and summer, these sites act as a sink for a part of the in situ production of benthic microalgae and for phytoplankton deposited from the water column. This carbon then becomes incorporated into the sediment and, as benthic macrofauna biomass increases during the summer and autumn, grazing acts to reduce the microalgal biomass. This also has the effect of reducing sediment stability, and then the sediment becomes more physically disturbed by currents and wave action with rapid recycling of material in the upper layers.
Biodeposition
The main suspension-feeder on the Molenplaat tidal flat was the cockle Cerastoderma edule. Experimental flume studies (Widdows et al. 2000a ) showed a significant relationship between the suspension-feeding/ biodeposition rates and C. edule biomass (r = 0.91, p < 0.001) and between sediment chlorophyll a/colloidal carbohydrate and C. edule biomass (r = 0.82; p < 0.05). Suspension-feeding activity of C. edule in September 1996 induced higher rates of biodeposition in the central region (2.8 and 7.7 g m -2 h -1 at Sites 2 and 3, respectively), in contrast to zero biodeposition rates at the sandy edges of the Molenplaat (Sites 1 and 5; Widdows et al. 2000a ). The occurrence of highest cockle densities and biomass in the central part of the Molenplaat can therefore play an active role in enhancing deposition rates, by at least 1 order of magnitude compared to sedimentation rates at sites without suspension-feeding bivalves (Widdows et al. 2000a) . This is probably an important contributory factor to the increasing silt content of sediment during the spring-summer period.
A subsequent experiment examined this hypothesis and confirmed that Cerastoderma edule at a density of 350 m -2 not only increased the silt content 2.6-fold over a period of 7 d but also mixed the material into the sandy sediment to a depth of 3 cm, by means of their burrowing/bioturbation activity. This vertical mixing and the rapid incorporation of surficial material at depth has also been confirmed by labelling experiments (see next subsection; Herman et al. 2000) . While flume studies have shown that the majority of biodeposits will be resuspended during periods of maximum currents on flood and ebb tides, it only requires a small proportion of the biodeposits to be incorporated into the sediment during the slack-water period on each tidal cycle for the silt content to increase over the summer months. The fine silt then becomes resuspended, and is washed out of the muddy-sandy sediment during the winter storms.
Mixing processes in sediment
Sediment mixing is ultimately the result of numerous small-scale movements by benthic organisms and physical disturbances due to wave and current action. At the Molenplaat tidal flat, wave and current energy inputs to the sediment were highly variable in space and time. Similarly, sediment mixing due to organisms (i.e. bioturbation) was also highly variable because of the heterogeneity in the distribution, biomass and activity of the benthos.
Direct measurement of sediment mixing is extremely difficult and not yet feasible. However, the net result of sediment mixing can be studied using a variety of tracers, including radioactive and stable isotopes and chlorophyll a. In studies of the Molenplaat tidal flat, depth profiles of the natural radionuclides 7 Be and 210
Pb, chlorophyll a and 13 C-labelled organic matter have been used (Schmidt et al. 1999 . These different tracers integrate over different timescales, on the order of days for 13 C-labelled organic matter, weeks for chlorophyll a, months for Sediment accumulation rates based on a variety of tracers revealed net sediment accretion rates on the Molenplaat to be ~2 cm yr -1 during the last few decades. If steady-state applies and there is no sediment mixing, then short-lived radionuclides would not be expected below 2 cm. The measurements, however, showed significant excess activities at depths greater than 2 cm. This implies either that seasonal varying sediment accumulation rates are considerably higher than the long-term net accumulation rate and/or that these radionuclides are transported to deeper layers by mixing processes. Assuming a constant delivery of these natural radionuclides and steady-state accumulation (Boudreau 1986 Pb; these are consistent with our data. Moreover, Boudreau (1994) compiled sediment mixing coefficients, and reported those based on 7 Be in coastal sediments to vary between 3.8 and 9.1 cm 2 yr -1 . Chlorophyll a was observed down to 10 cm in the sediment, yet it is only delivered to the sediment surface by deposition of water-column algae and by microphytobenthos production in the top few millimetres. Assuming steady-state conditions, constant porosity, no compaction, negligible accumulation relative to mixing and a first-order degradation constant (k) of chlorophyll a of 10 yr -1 , the depth profile of chlorophyll a can be described (Sun et al. 1994 ) by:
where C is the chlorophyll content, C 0 is the chlorophyll content in the surface layer, D b is the sediment mixing coefficient and x is depth in the sediment. Application of this model to our data yielded chlorophyll a-based mixing rates of 44 to 67 cm 2 yr -1
, consistent with those based on 7 Be and literature estimates for coastal sediments (Boudreau 1994 .
An in situ labelling study of microphytobenthos was carried out at 2 sites (Sites 2 and 4) on the Molenplaat to determine its fate . At the start of a tidal emersion period, 13 Cbicarbonate was sprayed on the sediment surface, and the uptake of 13 C by the algae in the top 1 mm was linear during the whole period of light and aerial exposure (ca. 27 mg 13 C m -2 h -1 at both sites; Middelburg et al. 2000) . Although the label incorporation per unit area were the same at Sites 2 and 4, the latter site showed a stronger specific labelling of organic matter, since the organic matter content and biomass of the algae were 8 to 10 times less in the top 1 mm of sediment. At the silty station (Site 2), about 75% of the label fixed by microphytobenthos was found in the top 1 mm after 4 h, the remaining 25% being in deeper sediment layers (down to 15 mm). About 35 to 40% of the label was found in the deeper layers after 1 d and about 60% from Day 2 onwards. At the sandy site (Site 4), about 40% of the label fixed was recovered in the top 1 mm, the other 60% was found in the deeper sediment layers (down to 60 mm). About 80% of the label was found in deeper layers after 1 d. The residence time of microphytobenthos with respect to external losses (resuspension and respiration) was 2.4 and 5.6 d at the sandy and silty sites, respectively. This rapid transfer of newly formed organic material from the surface of the sediment to deeper layers cannot be described using an eddy-diffusion type of approach, because the underlying concept, continuity in time and space, does not apply. This rapid transfer to deeper layers cannot be attributed to large-scale sediment movement, since the label would mainly be disappearing from the small area labelled rather than being mixed to deeper layers. Possible rapid transfer pathways include advective water flow drawing down microalgae at sandy sites, and rapid sediment mixing due to benthic organisms at silty sites (e.g. burrowing polychaetes down to ~6 to 8 cm; the head-down deposit-feeder Heteromastus filiformis at 6 to 14 cm; and burrowing bivalves including Cerastoderma edule at 2 to 3 cm; Macoma balthica down to ~8 cm; and Mya arenaria down to >10 cm).
Sediment transport modelling
The model results adequately reproduced the time series and the spatial pattern of net sedimentation (Fig. 9 ). The area with net sedimentation was located at the central area of the Molenplaat tidal flat. Tidal variations of measured suspended particulates in the water column were reproduced, but somewhat smoothed, in the model. The net sedimentation flux in the model was ~150 g m -2 10 d -1
, which is equivalent to~15 g m -2 d -1 for the central area of the tidal flat. Based on a dry density of 2650 kg m -3 and a wet density of 1700 kg m -3 (Widdows et al. 2000a) , an estimated net sedimentation flux of 0.014 mm d -1 or 0.42 mm mo -1 was calculated for June conditions. If the grain-size composition of the sediment (~40% silt) is also taken into account, the total flux at the central site is increased to 1.05 mm mo -1 , or 1.26 cm yr -1 ) assuming a constant accretion rate over the year. This compares with estimates, derived from depth profiles of radionuclides, ranging from 1.1 cm yr -1 at the edge to 2.4 cm yr -1 at the centre of the tidal flat (Table 2) . A sensitivity analysis was performed to estimate the effect of several input items on the model output. In addition to certain process parameters (critical bottom shear stress for erosion, settling velocity), the availability of sediment in the model appeared to be an important factor determining the sedimentation flux. In particular, the suspended sediment concentration at the boundary downstream of the Molenplaat affects the sedimentation flux. ) and an increase in the silt content, which has moved south. Therefore, the addition of 1 important biological parameter, namely chlorophyll a, improves the model output in terms of both sedimentation rate and the location of the sediment with high silt content. As a result, the model output is in close agreement with field estimates of accretion rates derived from depth profiles of radionuclides.
The model output serves to demonstrate that the dynamics of fine silt cannot be modelled adequately by physical processes alone. However, the model can be significantly improved by the addition of a biotic factor (i.e. increase in sediment stability and critical bed shear stress due to microphytobenthos), thus supporting evidence from flume and field studies indicating that biological processes have a significant impact on sediment dynamics. Further improvements to the sediment dynamics model could include:
• additional biological processes recognised as important factors influencing sediment erosion and deposition (e.g. bioturbation and suspension-feeding); • improved representation of other grain sizes, since the dynamics of fine silt are not sufficient to describe the total net sedimentation of both fine silt and coarser particulates;
• better representation of reality, with details of tidal variations in SPM concentrations at the boundaries (ca. 20 to 150 mg l -1 ), seasonal variations in SPM concentrations at the boundaries (Herman et al. 2001) , and the effects of wind and spring-neap cycles in tidal currents. The model can be used to further investigate the relative importance of the different factors controlling sedimentation and erosion processes. For example, the effects of microphytobenthos mats and bioturbating clams on resuspension processes can be tested by creating spatial and temporal changes in Molenplaat sediment erodability in the model. Recently, other models of sediment dynamics have compared the relative importance of biological and physical processes on intertidal sediment transport (Willows et al. 1998 , Wood & Widdows 2002 . These studies have demonstrated that bio-stabilisers (microphytobenthos), bioturbators (Macoma balthica), tidal range and offshore sediment supply all have an important impact on intertidal sediment erosion and deposition.
Conclusions
Total sediment accretion on the Molenplaat tidal flat was estimated to be ~2 cm yr -1 , with total vertical mixing in the order of 50 cm 2 yr -1 . Both physical and biological processes (i.e. tidal currents, bio-stabilisation, biodeposition and bioturbation) have been shown to influence sediment dynamics (erosion, transport, deposition and vertical mixing) on the tidal flat. Aspects of these different processes and their involvement in sediment dynamics have been quantified and discussed. A sediment transport model based on physical processes accounted for sedimentation rates of up to 1.26 cm yr -1 , which was ~50% of the recorded rate in the central area. When sediment stability was increased due to the presence of microphytobenthos, the model output showed a 2-fold increase in sedimentation rate. However, a wider range of additional physical processes (tidal or seasonal variation in SPM, wind or effects of spring-neap tidal cycles) and biological processes (biodeposition from suspensionfeeding, bio-stabilisation and bioturbation) need to be incorporated into future models. In particular, spatial and temporal changes in the balance between 'biostabilisation' by microphytobenthos and 'bio-destabilisation' and grazers/bioturbators) on the tidal flats should be modelled. Further studies are required to improve the quantification of biological and physical processes, including their interactions, and to improve parameterisation of dynamic sediment models designed to incorporate biological processes as well as physical processes. 
